The smelting of iron ore in a blast furnace is accompanied by the evolution of about six tons of blast furnace gas for every ton of iron produced (Memorandum on Carbon Monoxide Poisoning, 1951) . The gas, which contains about 27 % of carbon monoxide by volume, is used as a fuel to provide heat and power for the blast furnace and subsequent steel-making operations. There is an ever-present risk of carbon monoxide poisoning to those engaged in the blast furnace process and in the handling and disposal of such enormous volumes of gas. Safe working practices and strict supervision on all jobs reduce the risk, but, as is shown in Table 1 , fatal gassing accidents and others sufficiently severe to require reporting to the Factory Department continue to occur. It is difficult to obtain exact information concerning the number of cases which are not reported. However, from practical experience, it appears that for every reported case there are approximately 100 other cases of gassing of varying degrees of severity. It is also known that even under 'normal' working conditions, the carboxyhaemoglobin levels of blast furnace personnel are signifi- Health, 1963. cantly higher than the average levels found in the population as a whole (Farmer and Crittenden, 1929; Jones and Walters, 1962) .
Clean blast furnace gas cannot be recognized by smell, and, consequently, the first intimation of the presence of the gas may be symptoms of poisoning, such as headache, nausea, weakness or collapse. In high concentrations the onset of poisoning may be so rapid that the person is unable to move to an uncontaminated area and, if not rescued within a short period, may be fatally affected.
Evaluation and control of the health and safety hazard caused by carbon monoxide depend primarily on detection and quantitative determination of the 270 gas in the atmosphere. Methods for detecting and estimating carbon monoxide may be chemical, chemico-physical or physical. Beatty (1955) described the various methods available, and since then the development of gas chromatography has provided the only basically new method.
Many of the instruments and procedures use oxidizing reagents to oxidize carbon monoxide, either stoichiometrically or catalytically, with the formation of carbon dioxide, liberated iodine or liberated heat of oxidation which can be measured. Most of the colorimetric methods are based on the reduction of palladium salts to form black metallic palladium or, if ammonium molybdenate is incorporated in the reagent, molybdenum blue. The thermal conductivity method is based on measurements of the change in resistance of a heated wire as the result of heat lost by thermal conductance through the gaseous atmosphere surrounding the wire. Electroconductivity methods involve the combustion of carbon monoxide to carbon dioxide and absorption of the latter into alkaline solutions in which electro-conductrimetric measurements are made before and after the absorption. Infra-red gas analysis and gas chromatography provide other methods.
Some of the methods mentioned are suitable for analysing single samples, whereas others may be adapted to provide continuous sampling. The usefulness of these latter methods depends to a great extent on the speed of analysis and whether they can be made fully automatic or require the attention of a technician.
The methods currently in use around blast furnaces in Great Britain are either spot sampling colorimetric methods or continuous sampling for a limited period, using a portable instrument depending on the hopcalite catalytic method. The lay-out of a blast furnace department is complex, and contamination of the surrounding atmosphere may occur from many different sources, including the furnaces themselves, gas mains, stoves, dust catchers, and cleaning plant. Many of these sources are in the open and climatic conditions influence the movement and dispersal of blast furnace gas in the air. Atmospheric conditions at a given point can vary from minute to minute and, because of this, spot sampling is of very little value as a safety measure. A portable continuous sampling instrument is of use in monitoring a limited area. Both methods have the disadvantage that normally the operator must be with the instrument in the possibly contaminated atmosphere and, although an extension tube may be fitted, this makes the sampling procedure more difficult.
To ensure the safety of blast furnace personnel, the working atmosphere should be monitored con-3 tinuously for the presence of carbon monoxide, an alarm system provided to warn of dangerous concentrations, and clear instructions given concerning action to be taken on receipt of the alarm. To achieve this end, it is necessary to adopt a method of determining carbon monoxide concentrations in the atmosphere which has the following characteristics:
(a) It should be sufficiently accurate in the range of concentrations from a safe level to that at which immediate withdrawal from the atmosphere is essential.
(b) It should be selective for carbon monoxide in the presence of other airborne blast furnace contaminants.
(c) The time of analysis should be as short as possible.
(d) The time taken for the sample to reach the instrument should be as short as possible.
(e) It should be fully automatic.
(f) It should suit the requirements of multi-point sampling.
(g) The result of the analysis should be immediately available in visual form.
(h) It should be suitable for connexion to an alarm system.
(j) Routine maintenance and calibration time should not be excessive.
The most suitable method to satisfy these requirements was considered to be infra-red gas analysis. This was used in the work to be described which was carried out in a blast furnace department at one of the works of Richard Thomas and Baldwins, Ltd. during 1963.
Monitoring Equipment
The necessary equipment consisted of an infra-red analyser, pumping system, recorder, extension meter, and alarm unit.
The infra-red analyser chosen was the Mines Safety Appliances Model 200. This was selective for carbon monoxide, had a response which was virtually instantaneous, and over a range of 0 to 1,000 p.p.m. had an accuracy and sensitivity of 1 % of full-scale deflection, i.e., 10 p.p.m. It was mounted on a panel (Fig. 1) Visual and auditory alarms were operated by the metering circuit. If the lower alarm level was exceeded, two bulbs lit up, one on the instrument panel and the other at the point being sampled. These stayed on until the sampling cyc'e reached the position immediately preceding the line concerned, when they were switched off ready to re-register if necessary when the line was sampled again. If the higher level was exceeded, klaxons were energized at the instrument position and in the blast furnace area.
The extension meter could be plugged into one of four sockets conveniently sited in the blast furnace area, placing it in series with the panel meter and the recorder.
The instrument was primarily intended to be used as a continuously recording carbon monoxide monitoring device with fully automatic alarms. As such it would give warning if alarm levels were exceeded at any of the six sampling points. In addition, by intelligent interpretation of the chart, much more information on carbon monoxide levels in the blast furnaca area and their association with changing local conditions could be obtained.
By stopping the cycling mechanism at one particular sampling point, it was possible to obtain a continuous reading for that point. Rubber tubing up to 300 ft. (91 m.) in length could be attached to the point, and using the portable extension meter, it was possible to obtain a continuous reading wherever the end of the tubing was placed. The instrument could therefore be used in the routine checking of plant or in specific areas where gas leaks were suspected. Similarly, it could be used as a monitoring device during maintenance work in an area where gas might be expected.
Air samples collected by other means could also be analysed.
During the commissioning of the instrument, certain components proved faulty and had to be replaced. Subsequently, however, when the instrument was established, it required no more maintenance than other steelworks electronic instruments. Checks for accuracy with, first, an atmosphere containing no carbon monoxide and, secondly, a known concentration of carbon monoxide were originally carried out daily, but eventually weekly checks proved satisfactory.
It became apparent that responsibility for supervision of the system lay in three directions. Maintenance and calibration of the instrument should be the responsibility of the works instrument engineer. Action to be taken on receipt of alarms should be the responsibility of blast furnace management. Thirdly, collection and analysis of the running records should be the responsibility of the occupational hygienist, if available, but otherwise a scientific department, such as Operational Research, should accept this responsibility and circulate summarized information to production, engineering, medical, and other interested departments.
Alarm Levels
At the request of the manufacturers, provisional alarm levels were chosen before installation. Our decision was based in the first place on the effects of known concentrations of carbon monoxide on man. Additionally, indirect evidence from the study of carboxyhaemoglobin levels in blast furnace workers gave some help in assessing the atmospheric concentrations of carbon monoxide likely to be encountered. After consideration of the limited data, the levels of 200 p.p.m. for a visual warning and 500 p.p.m. for an auditory warning were accepted for the following reasons.
Purposes of the Alarm System.-The alarm system had two main purposes-to warn blast furnace personnel of dangerous or potentially dangerous concentrations of carbon monoxide, and to alert those responsible for ensuring safe working conditions. It was obvious that an auditory alarm would alert everyone on the plant and a visual alarm would alert those in the vicinity of the sampling point.
Therefore it was decided that the auditory alarm should be set at a level at which immediate action would be necessary, both by those exposed to the carbon monoxide and by those responsible for restoring a safe atmosphere. Those in the area would withdraw or protect themselves with breathing apparatus, and those responsible for safety would take immediate action to control the source of the carbon monoxide.
It was agreed that the visual alarm should be set at a lower level at which work could safely continue for a limited period. Those in the area would be warned that a dangerous concentration might be reached and would also be instructed to inform a responsible person whose duty it would be to investigate. All this information was applicable to exposure to constant levels of carbon monoxide in the atmosphere breathed. For the purpose of this study it had to be considered in relation to exposure to fluctuating concentrations about which originally we had no exact knowledge. We could find no direct information on the subject and decided to accept indirect evidence available in the few studies of carbon monoxide absorption in blast furnace workers.
Carboxyhaemoglobin Levels in Blast Furnace
Workers.-Carboxyhaemoglobin levels from 1-5 to 18-l % were found by Farmer and Crittenden (1929) in 14 blast furnace workers carrying out normal duties. Jones and Walters (1962) Katz (1958) for considering this diagnosis is the necessity for the blood level of carbon monoxide to be 10% or more. As has been mentioned above, this level can be exceeded under 'normal' blast furnace working conditions and under experimental conditions by a subject inhaling air containing 100 p.p.m. of carbon monoxide.
It was obvious that, whatever our views on chronic carbon monoxide poisoning, atmospheric conditions capable of producing carboxyhaemoglobin levels of up to 18 % were not wholly acceptable. However, our immediate problem was -to establish realistic alarm levels which would help to protect workers from more obvious ill-effects. We therefore decided to ignore chronic poisoning with the proviso that, in the light of information which might be obtained from further study of blast furnace workers, we would be prepared to review our decision.
Lower Alarm Level.-Having agreed to accept a lower alarm level which would protect workmen from obvious symptoms of carbon monoxide poisoning, but which did not preclude the possibility of chronic poisoning or psychomotor impairment, we had to decide on a figure applicable to fluctuating concentrations which would be equivalent to or better than the M.A.C. of 100 p.p.m. for constant levels. A completely logical decision could not be made on the limited information available, and an estimate erring on the side of caution was necessary.
The relevant facts and their implications appeared to be as follows:
(a) Because of fluctuations in concentration, the level would be above 100 p.p.m. The extent to which this concentration could be exceeded depended on two unknown factors, viz., the degree of fluctuation and the total effect of inhalation during an eighthour period of varying concentrations, up to the limit of the chosen level.
(b) The atmosphere would be sampled in one particular area once every two and a half minutes, or 24 times in an hour. The warning level should be kept low enough to take account of the element of chance whereby only a low level in the fluctuations might occur when the area was being sampled.
( Initially, the cycling mechanism was not used and an extension probe of rubber tubing was run out directly from the control panel of the apparatus. Exploratory readings were taken at 14 points (coded G to U, Fig. 2 ) around the blast furnace area. The results obtained during a total sampling time of 76 hours for all 14 points are shown in Table 2 .
In the light of these findings and knowledge of plant lay-out, the provisional siting of the six fixed points was agreed mutually in discussion with production and engineering staff. Sites 1 to 4 were on the N/S line along the main walkway through the furnaces and stoves area. Sites 5 and 6 were near the hoist houses of furnaces 3 and 2 respectively. They are shown in Fig. 2 group.bmj.com on July 5, 2017 -Published by http://oem.bmj.com/ Downloaded from Sampling Poit _of (see Fig. 2 During a period of 32 days, the instrument cycled regularly, except for certain breaks in continuity, and the results which were recorded are summarized in Table 3 . For nine days at the end of the experimental period, fixed point No. 1 was connected to a clean air source in order to check the zeroing characteristic of the instrument; consequently the number of samples analysed at this point is smaller than at the other five. Cycling was stopped when necessary for maintenance and checking of the apparatus and while special surveys were being made.
Twelve probe surveys, each of approximately four hours' duration, were made during this period using the following procedure. On a scale plan of the blast furnaces and stoves area (Fig. 2) a grid of squares coded A.1 to F.13, each 24 ft. (7 3 m.) side dimension, was drawn, and each corner of a square was a potential point for sampling with the extension probe. Several of the potential locations were 'blanked out' by the plant itself, i.e., by furnaces, stoves, buildings, etc., and the 37 final effective ground level sampling positions on grid reference are shown in Figure 2 . In order to randomize the sampling procedure during the probe surveys, different routes were followed on each occasion. A survey took approximately four hours, although only a few minutes were spent at any one grid reference position. The sampling line, with 300 ft. (91 m.) of extension tubing and the copper tubing of a fixed point also in circuit, varied in length, depending on the fixed point to which it was attached, up to a maximum of 600 feet (182 m.). It was found that, for this maximum length, three minutes was an adequate time interval for the line back to the instrument to be flushed with the air under test at the grid position. Accordingly, after moving to a new sampling position, three minutes were allowed for flushing, and then a series of five readings was taken on the extension meter at subsequent 30-second intervals. Therefore sampling at any one grid reference position represented a 'random' event lasting two minutes in a total survey time of four hours. The results are presented in Figure 2 .
During normal monitoring in the period following completion of the trials, information concerning abnormal incidents was recorded. Some examples are given in Table 4 .
Discussion
No published information concerning a monitoring system for carbon monoxide in a blast furnace area could be traced during the field trials, and indeed few details of carbon monoxide concentrations in the various sections of a blast furnace area were available. Consequently, the information from (Industrial Heating, 1964) .
Siting of Fixed Sampling Points.-The provisional siting of the six fixed points had been discussed and agreed in the light of the preliminary results obtained with an extension probe and knowledge of the plant lay-out. The results obtained during the special probe surveys (Fig. 2) were studied in conjunction with the results obtained from continuous operation of the instrument in order to review the suitability of the provisional choices. The siting of points 5 and 6 had been determined by management because gassing incidents had occurred in those areas, and consequently, despite the low readings obtained, the points remained unchanged. without a warning of either type at the sampling point, but this was acceptable in view of the time lag of 20 min. or more before the onset of symptoms at this level. In the event of a more rapid gas leak, the auditory alarm would sound at 500 p.p.m.
As already indicated, the levels were chosen for medical reasons. It was of interest to learn from blast furnace management that their establishment led to no practical process difficulties.
Conclusions
The monitoring equipment comprising the Mines Safety Appliances Model 200 infra-red analyser, pumping system, recorder, extension meter, and alarm unit proved satisfactory for use in a blast furnace area.
The equipment provided: (a) an alarm system to warn blast furnace personnel of dangerous or potentially dangerous concentrations of carbon monoxide, and to alert those responsible for ensuring safe working conditions; (b) information on the continuous chart recordings of use to production management, engineers, safety, and medical personnel; (c) a method for checking plant or specific areas where gas leaks were suspected by use of the extension meter.
Two levels of alarm were accepted: (a) a visual alarm if a carbon monoxide level of 200 p.p.m. was exceeded at one sampling point on three consecutive occasions. At this level, work could safely continue for a limited period, but the reason for the raised level should be established; (b) an auditory alarm if a level of 500 p.p.m. was exceeded on any sampling occasion. At this level, immediate action would be necessary, those in the area withdrawing or protecting themselves with breathing apparatus and those responsible for safety acting to control the source of carbon monoxide.
